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expression variability remains a major challenge. Here we report a novel method for 23 simultaneous single-cell quantification of protein-DNA contacts with DamID and 24 transcriptomics (scDamID&T). This method enables quantifying the impact of protein-DNA 25 contacts on gene expression from the same cell. By profiling lamina-associated domains 26 (LADs) in human cells, we reveal different dependencies between genome-nuclear lamina 27 (NL) association and gene expression in single cells. In addition, we introduce the E. coli 28 methyltransferase, Dam, as an in vivo marker of chromatin accessibility in single cells and 29
show that scDamID&T can be utilized as a general technology to identify cell types in silico 30 while simultaneously determining the underlying gene-regulatory landscape. With this 31 strategy the effect of chromatin states, transcription factor binding, and genome organization 32 on the acquisition of cell-type specific transcriptional programs can be quantified. 33 accessibility (ATAC-seq and DNaseI-seq) 5-7 , DNA methylation (5mC) 8-10 , DNA 48 hydroxymethylation (5hmC) 11 and histone PTMs post-translational modifications (ChIP-49 seq) 12 in single cells have enabled studies to characterize cell-to-cell heterogeneity at the 50 gene-regulatory level. More recently, multiomics methods to study direct single-cell 51 associations between genomic or epigenetic variations and transcriptional heterogeneity 13-16 52 have provided the first methods to directly link upstream regulatory elements to 53 transcriptional output from the same cell. Protein-DNA interactions play a critical role in 54 regulating gene expression and therefore we have developed a new technology to 55 simultaneously quantify these interactions in conjunction with transcriptomic measurements 56 from the same cell without requiring physical separation of the nucleic acids. 57
DamID involves the fusion of the E.coli Dam adenine methyltransferase to a protein 58 of interest, followed by the in vivo expression of the fusion protein to enable detection of 59 protein-DNA interactions. For single-cell applications, a major advantage of the DamID 60 method is that it minimizes biochemical losses arising from antibody-based pulldowns or 61 degradation of genomic DNA (gDNA) that occurs in bisulfite-based methods. Further, as 62
DamID is an in vivo method, protein-DNA interactions can be measured over varying time 63 windows and can also be used to record cumulative protein-DNA interactions 17 . Currently, no 64 methods exist to quantify protein-DNA interactions for an arbitrary protein-of-interest and 65 transcriptomes in single cells. We therefore chose to benchmark scDamID&T and compare it 66 to the previously reported single-cell DamID (scDamID) method where lamina-associated 67 domains (LADs) were detected using a Dam-LmnB1 fusion protein 2 . Furthermore, we 68 exploited the expression of untethered Dam to obtain DNA accessibility profiles 69 simultaneously with transcriptome measurements and employed the scDamID&T technology 70 to generate combined and allele-resolved single-cell measurements in hybrid mouse 71 embryonic stem cells. 72
To improve the scDamID method and make it compatible with simultaneous mRNA 73 measurement in single cells, we optimized several shortcomings of the previously developed 74 protocol 2 . The improvements include (1) the requirement of one, rather than two ligation 75 events to amplify fragmented gDNA molecules, (2) switching from PCR to linear 76 amplification through in vitro transcription, (3) inclusion of unique molecule identifiers 77 (UMI) for both gDNA-and mRNA-derived reads, and (4) the use of liquid-handling robots 78 that result in rapid and higher processing throughputs of thousands of single cells per day 79 together with reduced reaction volumes, and a more consistent sample quality. As described 80 previously 2 , KBM7 cells (a near haploid myeloid leukemia cell line, except for chr8 and parts 81 of chr15) expressing either untethered Dam or a Dam-LmnB1 fusion protein and the 2-colour 82
Fucci reporter system 18 are sorted by FACS at the G1/S cell cycle transition 15 hours post-83 induction of Dam with Shield1 2 . After single cells are sorted into 384-well plates, poly-84 adenylated mRNA is reverse transcribed using primers that contain a T7 promoter, P5 85
Illumina adapter, a random UMI sequence, and mRNA-and cell-specific barcodes in the 86 overhang, as described previously for the CEL-Seq protocol 19-20 ( Fig. 1a ). Second strand 87 synthesis is then performed to generate double-stranded cDNA. Next, the reaction mixture, 88 containing tagged cDNA molecules and gDNA, is digested with the restriction enzyme DpnI. 89
DpnI recognizes adenine residues that are methylated by Dam in a GATC context and creates 90 blunt double-stranded cuts in gDNA. Double-stranded adapters are then ligated to digested 91 gDNA molecules ( Fig. 1a ). Similar in design to the RT primers, the double-stranded adapters 92 contain a T7 promoter, P5 Illumina adapter, UMI, and gDNA-and cell-specific barcodes. 93
Single cells are then pooled, and cDNA and ligated gDNA molecules, both containing T7 94 promoter sequences, are simultaneously amplified by in vitro transcription. The amplified 95 RNA molecules are then used to prepare Illumina libraries, as described previously 20 (Fig.  96 1a). Thus, this new method enables genome-wide quantification of protein-DNA interactions 97 and mRNA from the same cell without requiring physical separation steps, thereby 98 minimizing losses and making it easily adaptable to automated liquid handlers that can 99 process thousands of single-cells per day in a high-throughput format. 100
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To determine the efficiency of the combined method, we benchmarked scDamID&T 101 to previous data in KBM7 cells; a clonal line for which single-cell genome-NL interaction 102 maps (scDamID) and single-cell transcriptomes are already available 2 . We successfully 103 detected reads corresponding to both DamID and mRNA. We detected a median of 60,348 104 unique DamID reads per cell, identifying all major LADs, as previously reported from bulk 105 and single-cell sequencing 2 . As illustrated for chromosome 17, observed over expected (OE) 106 scores 2 calculated based on the combined method not only detected all LADs but also 107 captured the cell-to-cell heterogeneity in genome-NL interactions as observed previously 108 ( Fig. 1b and Supplementary Fig. 1a ). This is further illustrated by the high concordance 109
(Pearson r = 0.97) in the contact frequencies (CFs), the percentage of cells, which at a given 110 position in the genome are in contact with the NL (Fig. 1c ). Altogether this shows that 111 scDamID&T can successfully capture the dynamics of genome-NL interactions in single 112 cells. A crucial improvement in the scDamID&T method is that the cell-and nucleic acid-113 specific barcoding enables single cells to be pooled prior to amplification and library 114 preparation, as opposed to the individual cell library preparation and sample selection in 115 scDamID. This significantly contributes to increased throughput and cost reduction. Although 116 single cells are pooled in scDamID&T prior to amplification without selection for cells with 117 the highest signal, the complexity of the single-cell libraries, quantified as the number of 118 unique reads per read sequenced in a cell, is comparable between both methods 119 ( Supplementary Fig. 1b ). Further, the loss of reads with incorrect adapter sequences is 120 substantially reduced in the new method ( Supplementary Fig. 1c ). The previously developed 121 scDamID is biased against detection of GATC sites that were separated by over 1 kb in the 122 genome; a drawback that is overcome by a single ligation event in scDamID&T which 123 captured the genome-wide distribution of GATC sites more faithfully ( Fig. 1d and 124 Supplementary Fig. 1d ). 125 5 single-cell transcriptomes showed that samples from both methods cluster together 135 ( Supplementary Fig. 2c ), emphasizing the concordance between the transcriptomes captured 136 by both techniques. 137
To verify scDamID&T in an independent cell line, we also established the system in 138 hybrid (129/Sv:Cast/EiJ) mouse embryonic stem (mES) cells 21 where DamID expression is 139 controlled via the auxin-AID degron system 22 ( Supplementary Fig. 3a ). The quality of the 140 scDamID&T libraries in mES cells expressing Dam or Dam-LmnB1 is comparable to KBM7 141 cells except that the single-cell Dam-LmnB1 data is of lower complexity ( Supplementary Fig.  142 3b). The reduction in DamID complexity is likely a reflection of the shorter induction time of 143 Dam-LmnB1 in mES cells and difference in cell cycle characteristics. Nevertheless, 144 measurements with scDamID&T from these samples show strong DamID signals in 145 previously reported 23 bulk LAD domains ( Supplementary Fig. 3c ). 146
Extrapolating the technology that we developed for the detection of genome-NL 147 interactions and mRNA from the same cell, we hypothesized that KBM7 cells expressing 148 untethered Dam could be used to quantify both DNA accessibility and the transcriptome on a 149 genome-wide scale from single cells. To explore the possibility of using Dam as a DNA 150 accessibility marker, we first quantified the levels of Dam GATC methylation of averaged 151 single-cell profiles around transcription start sites (TSS) of actively transcribed genes and 152 observed a sharp peak at these sites ( Fig. 2a ). As a control, we also performed these single-153 cell experiments using the non-methylation sensitive restriction enzyme AluI. We did not 154 observe signatures of accessibility around TSS of actively expressed genes ( Fig. 2b ), 155 indicating that the observed Dam accessibility patterns are the result of in vivo Dam 156 methylation at accessible regions of the genome, and not a consequence of restriction enzyme 157 accessibility. Similar to active TSSs, we also observe strong Dam enrichment at active 158 enhancers ( Fig. 2c ). 159
Nucleosomes are known to be regularly spaced on active TSS 24,25 and CTCF sites, 160 and this can be observed in DNA accessibility data pooled across 96 single cells obtained 161 using scDamID&T ( Fig. 2d and 2e and Supplementary Fig. 4a ). The observed periodicity of 162 178bp is in general agreement with the reported spacing of nucleosomes in human cells 25 163 ( Supplementary Fig. 4b ). Remarkably, these nucleosome positioning profiles are also 164 apparent in data from single cells ( Fig. 2f DNaseI-seq data, we find that the dynamic range of Dam-mediated DNA accessibility is 169 larger; for a substantial fraction of the genome only baseline levels of DNaseI are detected, 170 while Dam indicates intermediate levels of accessibility ( Fig. 2g ). Further analyses showed 171 that these regions are typified by genes with low expression, indicating that Dam is more 172 sensitive than DNaseI and allows discrimination between inactive and lowly transcribed 173 genes. This feature may be attributed to the advantage of Dam detecting both active 174 promoters (H3K4me3) and gene bodies (H3K36me3) ( Supplementary Fig. 4c ) and the in vivo 175 accumulation of Dam signal over time. 176
As scDamID&T enables simultaneous quantification of protein-DNA interactions and 177 mRNA from the same cell, we next investigated how variations in genome-NL association 178 directly influence gene expression. Further, as dissociation of genomic loci from the NL has 179 been shown to result in an increase in active histone modifications for some of those loci 17 , 180
we hypothesized that the propensity of a region in the genome to associate with the NL could 181 result in differentially regulated gene expression. To test this hypothesis, we first quantified 182 heterogeneity in genome-NL associations for each 500 kb region using CFs 2 . While single-183 cell samples generally show a large degree of concordance, certain regions are found in 184 contact with the NL in only a small fraction of cells ("low CF"). We found that gene 185 expression in that small fraction of cells that exhibit NL contact is generally lower compared 186 to cells that do not show NL contact (for example genomic Interestingly, the impact on gene expression does not seem to vary with the (mean) gene 193 expression levels ( Supplementary Fig. 5a ). Taken together, these results suggest that the CF 194 of a region biases the sensitivity of gene expression to NL positioning. To our knowledge, 195 this is the first report to show that heterogeneity in spatial positioning of the genome directly 196 impacts gene expression in single cells. Finally, this differential sensitivity in transcriptional 197 output of genomic regions upon NL association may explain the varied outcomes of three 198 previous studies showing that artificial targeting of genomic regions to the NL resulted in 199 reduced, mixed or unchanged expression levels of the genes 27-29 . 200
Next, we applied this analysis to explore how variability in DNA accessibility relates 201 to heterogeneity in gene expression in KBM7 cells. We found that for regions that were in 202 contact with Dam in a large fraction of the cells (CF > 40%), expression was significantly 203 higher in cells showing Dam contact ( Fig. 3c and Supplementary Fig. 5b ). These results 204 suggest that gene expression heterogeneity between single cells is more sensitive to 205 variability in DNA accessibility within open chromatin regions. Consistent with the results of 206 KBM7 cells, we also observed the same relationship in the hybrid mES cells, suggesting that 207 the observed relationship between DNA accessibility and gene expression is generalizable to 208 other mammalian systems ( Supplementary Figs. 5c and 5d ) 209
To expand upon the analysis presented above, we investigated how DNA accessibility 210 tunes gene expression at an allelic resolution. For this, we used a hybrid mES cell line of 211 129/Sv:Cast/EiJ genotype 21-30 which is known to harbor a duplication of Cast/EiJ 212 chromosome 12. In order to carefully karyotype this cell line prior to application of 213 scDamID&T, we modified our technique to detect copy number variations in single cells, by 214 using the Dam-methylation insensitive restriction enzyme AluI instead of DpnI. This 215 demonstrates that scDamID&T can also be easily extended to quantify the genome and 216 transcriptome from the same cell, using minor modifications to the protocol presented 217 above 13, 14 . The AluI data showed that the hybrid mES cell line harbors a systematic 218 duplication of the Cast/EiJ chromosome 12 in most but not all single cells (Supplementary 219 Fig. 6a ). When we performed scDamID&T using untethered Dam to measure single-cell 220 DNA accessibility profiles we also detected increased Dam contacts for the Cast/EiJ 221 chromosome 12, and a chromosome-wide mRNA bias towards Cast/EiJ transcripts 222 ( Supplementary Fig. 6b and 6c) . Surprisingly, we also detected a small fraction of cells that 223 displayed increased DNA accessibility for the 129/Sv allele over the Cast/EiJ allele for 224 chromosome 12, and a corresponding increase in 129/Sv derived transcripts for one cell 225 ( Supplementary Figure 6c ). After excluding the confounding effects of CNVs on 226 chromosome 12 as well as chromosomes 5 and 8 in this hybrid mES cell line, we observed a 227 significant positive correlation between allele-specific DNA accessibility and gene 228 expression ( Fig. 3d ). Taken together, these results demonstrate that scDamID&T can also be 229 used to directly quantify the allele-specific relationship between DNA accessibility and the 230 transcriptome ( Supplementary Figs. 6a-c) . 231
Finally, we sought to test scDamID&T as an in silico cell sorting strategy to 232 distinguish and group cell types based on the transcriptomes and thereafter, uncover the 233 underlying cell-type specific gene-regulatory landscape by DamID. Such a strategy to obtain 234 cell-type specific protein-DNA interaction maps is particularly attractive for complex tissues 235 and tumors with unknown cellular constitution, or for certain cell types that cannot be 236 isolated with sufficient purity due to a lack of discriminating surface markers or a lack of 237 high quality antibodies. 238
To demonstrate that our new technology can be used as an in silico cell sorting 239 technique that enables generation of cell-type specific DNA accessibility profiles, we 240 performed a proof-of-principle experiment where mES cells cultured under 2i or serum 241 conditions were sorted and quantified using scDamID&T. Single-cell transcriptomes obtained 242 using scDamID&T could be used to readily separate the population into two distinct clusters, 243 corresponding to 2i and serum grown cells (Fig. 4a ). Expression analysis showed signature 244 genes differentially expressed between the two conditions ( Supplementary Fig. 7a ). DNA 245 accessibility profiles generated from the two in silico transcriptome clusters showed 246 differential accessibility patterns on a genome-wide scale. For example, DNA accessibility 247 tracks along Peg10, a gene strongly upregulated under serum conditions, showed increased 248 accessibility at the TSS and along the length of the gene (Fig. 4b ). Interestingly, the increased 249 accessibility in the serum condition extends beyond the Peg10 gene locus, encompassing the 250 entire length of a large topologically associated domain (TAD). Indeed, the overall 251 expression of neighboring genes within this TAD is higher in serum conditions (Fig. 4b) . 252
Generalizing this to all differentially expressed genes, we found that upregulation of gene 253 expression in 2i or serum conditions correlated with increased DNA accessibility over the 254 entire gene body (Figs. 4c and 4d and Supplementary Fig. 7b ). Similarly, we observed that 255 differentially upregulated genes in each condition showed an increase in DNA accessibility at 256 the TSS for those genes (Fig. 4d ). Thus, these results demonstrate that scDamID&T can be 257 used to effectively generate cell-type specific DNA accessibility profiles. Finally, we found 258 that upregulated gene expression also correlated with increased accessibility at the single-cell 259 level, highlighting that scDamID&T can be used to study changes in cellular identities in 260 direct relationship with the accompanying gene-regulatory mechanisms that shape cell type-261 specific gene expression programs ( Fig. 4e) . 262
In summary, we have developed a new technology to simultaneously quantify (data not shown). Considering that 55% of the cells are in G1 and early S, the estimated time 562 these cells reside in G1 and early S is 6,75 hours. 563
Cell harvesting and sorting. KBM7 cells were harvested in PBS (in-house production), 564 stained with 0.5 μg/mL DAPI for live/dead selection. Small haploid Single cells were sorted 565 based on forward and side-scatter properties (30% of total population) and selected for 566 double positive FUCCI profile as described before 1 F1 mES cells were collected in plain or 567 Recombinant Ribonuclease Inhibitor (Invitrogen, 10777019), 10 U SuperscriptII (Invitrogen, 581 18064014)) and the plate was incubated at 42°C for 1 h, 4°C for 5 min and 70°C for 10 min. 582
Next, 1.92 µL of second strand synthesis mix was added (1x second strand buffer (Invitrogen, 583 10812014), 192 µM dNTPs, 0.006 U E. coli DNA ligase (Invitrogen, 18052019), 0.013 U 584
RNAseH (Invitrogen, 18021071)) and the plate was incubated at 16°C for 2 h. 500 nL of 585 protease mix was added (1x NEB CutSmart buffer, 1.21 mg/mL ProteinaseK (Roche, 586 000000003115836001)) and the plate was incubated at 50°C for 10 hr and 80°C for 20 min. 587
Next, 230 nL DpnI mix was added (1x NEB CutSmart buffer, 0.2 U NEB DpnI) and the plate 588 was incubated at 37°C for 4 hr and 80°C for 20 min. Finally, 50 nL of DamID2 adapters were 589 dispensed (final concentrations varied between 2 and 128 nM), together 450 nL of ligation 590 mix (1x T4 Ligase buffer (Roche, 10799009001), 0.14 U T4 Ligase (Roche, 10799009001)) 591 and the plate was incubated at 16°C for 12 hr and 65°C for 10 min. Contents of all wells with 592 different primers and adapters was pooled and incubated with 0.8x 1:4 diluted magnetic 593 beads (CleanNA, CPCR-0050) for 10 min, washed twice with 80% ethanol and resuspended 594 in 7 µL nuclease-free water before in vitro transcription at 37°C for 14 hr using the 595 MEGAScript T7 kit (Invitrogen, AM1334). . Library preparation was done as described in 596 the CEL-seq protocol with minor adjustments 4 . Amplified RNA (aRNA) was cleaned and 597 size-selected by incubating with 0.8x magnetic beads (CleanNA, CPCR-0050) for 10 min, 598 washed twice with 80% ethanol and resuspended in 22µL nuclease-free water, and 599 fragmented at 94°C for 2 min in 0.2x fragmentation buffer (200 mM Tris-acetate, pH 8.1, 500 600 mM KOAc, 150 mM MgOAc). Fragmentation was stopped by addition of 0.1x fragmentation 601 STOP buffer (0.5 M EDTA pH8) and quenched on ice. Fragmented aRNA was incubated 602 with 0.8x magnetic beads (CleanNA, CPCR-0050) for 10 min, washed twice with 80% 603 ethanol and resuspended in 12 µL nuclease-free water. Thereafter, library preparation was 604 done as previously described 4 using 5 µL of aRNA and PCR cycles varied between 8 and 10. 605
Libraries were run on the Illumina NextSeq platform with high output 75bp paired-end 606 sequencing. 607
DamID adapters. The adapter was designed (5' to 3') with a 4 nt fork, a T7 promoter, the 5' 608
Illumina adapter (as used in the Illumina small RNA kit), a 3 nt UMI (unique molecular 609 identifier), a 6 nt unique barcode and half a NlaIII digestion site (CA) such that NlaIII cutting 610 site is reconstituted upon self-ligation of adapters (CATG). The barcodes were designed with 611 a hamming distance of two. Bottom sequences contained a phosphorylation site at the 5' end. 612
Adapters were produced as standard desalted primers. Top and bottom sequences were 613 annealed at a 1:1 ratio in annealing buffer (10 mM Tris pH 7.5-8.0, 50 mM NaCl, 1 mM 614 EDTA) by immersing tubes in boiling water, then let to cool to room temperature. The oligo 615 sequences can be found in Supplementary Table 1 . 616 CEL-seq primers. The RT primer was designed according to the Yanai protocol 4 with an 617 anchored polyT, a 8nt unique barcode, a 6nt UMI (unique molecular identifier), the 5' 618
Illumina adapter (as used in the Illumina small RNA kit) and a T7 promoter. The barcodes 619 were designed such that each pair is different by at least two nucleotides, so that a single 620 sequencing error will not produce the wrong barcode. Primers are desalted at the lowest 621 possible scale, stock solution 1 µg/µL. The oligo sequences can be found in Supplementary 622 Table 2 . 623 Raw data preprocessing. First mates in the raw read pairs (i.e. "R1" or "read1") conform to 624 a layout of either: 
